Reflectance-mode confocal laser scanning microscopy allows in vivo imaging of the human skin. We hypothesized that this high-resolution technique enables observation of dynamic changes of the cutaneous microcirculation. Twenty-two volunteers were randomly divided in two groups. Group 1 was exposed to local heating and group 2 to local cold stress. Confocal microscopy was performed prior t 0 (control), directly t 1 and 5 min t 2 after local temperature changes to evaluate quantitative blood cell flow, capillary loop diameter, and density of dermal capillaries. In group 1, blood flow increased at t 1 (75.82 ± 2.86/min) and further at t 2 (84.09 ± 3.39/min) compared to the control (61.09 ± 3.21/min). The control capillary size was 9.59 ± 0.25 μm, increased to 11.16 ± 0.21 μm (t 1 ) and 11.57 ± 0.24 μm (t 2 ). The dermal capillary density increased in t 1 (7.26 ± 0.76/mm 2 ) and t 2 (8.16 ± 0.52/mm 2 ), compared to the control (7.04 ± 0.62/mm 2 ). In group 2, blood flow decreased at t 1 (41.73 ± 2.61/min) and increased at t 2 (83.27 ± 3.29/min) compared to the control (60.73 ± 2.90/min). The control capillary size was 9.55 ± 0.25 μm, decreased at t 1 (7.78 ± 0.26 μm) and increased at t 2 (11.38 ± 0.26 μm). Capillary density decreased at t 1 (5.01 ± 0.49/mm 2 ) and increased at t 2 (7.28 ± 0.53/mm 2 ) compared to the control (7.01 ± 0.52/mm 2 ). Confocal microscopy is a sensitive and noninvasive imaging tool for characterizing and quantifying dynamic changes of cutaneous microcirculation on a histomorphological level.
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Reflectance-mode confocal laser scanning microscopy allows in vivo imaging of the human skin. We hypothesized that this high-resolution technique enables observation of dynamic changes of the cutaneous microcirculation. Twenty-two volunteers were randomly divided in two groups. Group 1 was exposed to local heating and group 2 to local cold stress. Confocal microscopy was performed prior t 0 (control), directly t 1 and 5 min t 2 after local temperature changes to evaluate quantitative blood cell flow, capillary loop diameter, and density of dermal capillaries. In group 1, blood flow increased at t 1 (75.82 ± 2.86/min) and further at t 2 (84.09 ± 3.39/min) compared to the control (61.09 ± 3.21/min). The control capillary size was 9.59 ± 0.25 μm, increased to 11.16 ± 0.21 μm (t 1 ) and 11.57 ± 0.24 μm (t 2 ). The dermal capillary density increased in t 1 (7.26 ± 0.76/mm 2 ) and t 2 (8.16 ± 0.52/mm 2 ), compared to the control (7.04 ± 0.62/mm 2 ). In group 2, blood flow decreased at t 1 (41.73 ± 2.61/min) and increased at t 2 (83.27 ± 3.29/min) compared to the control (60.73 ± 2.90/min). The control capillary size was 9.55 ± 0.25 μm, decreased at t 1 (7.78 ± 0.26 μm) and increased at t 2 (11.38 ± 0.26 μm). Capillary density decreased at t 1 (5.01 ± 0.49/mm 2 ) and increased at t 2 (7.28 ± 0.53/mm 2 ) compared to the control (7.01 ± 0.52/mm 2 ). Confocal microscopy is a sensitive and noninvasive imaging tool for characterizing and quantifying dynamic changes of cutaneous microcirculation on a histomorphological level.
INTRODUCTION
A dequate microcirculation is a prerequisite for tissue nutrition and oxygen supply. In the past decades, various techniques have been used to assess the cutaneous microcirculation, such as laser Doppler flowmetry, [1] [2] [3] [4] hydrogen clearance, 5 near-infrared spectroscopy, 6 hemoglobin oxygenation, 7 pulsoxymetry, 8 nuclear magnetic resonance imaging, 9 and dorsal skinfold chamber models.
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Whereas some techniques were solely used for basic research, the most frequently utilized noninvasive bedside method to analyse blood circulation was laser Doppler flowmetry. However, observations using laser Doppler were based mainly on dynamic flow velocity changes of relatively large vessels. Moreover, the flow velocity is a calculated value based on spectral analysis of backscattering laser light. Hence, laser Doppler provides no information on the smallest cutaneous vessels or the microvascular morphology. Thus, an adequate imaging technique to visualize the cutaneous capillaries easily and directly even on a histomorphological level was missing so far. In vivo reflectance-mode confocal laser scanning microscopy is a noninvasive high-resolution imaging technique that allows real-time visualization of the human skin up to a depth of 350 μm on cellular and subcellular levels. By optical sectioning, it is possible to acquire data repetitively without biopsy collection and thus causing no damage to the areas under investigation. In several studies, structures imaged by confocal microscopy were compared to conventional histological sectioning 11-13 and a high sensitivity (88.15%) and specificity (97.60%) was determined for diagnosis of malignant skin tumors.
14 Accordingly, the widespread biological application of confocal microscopy is publicized in both dermatology [15] [16] [17] [18] and the burn care arena. 19, 20 The purpose of the present preliminary study was to evaluate reflectance-mode confocal laser scanning microscopy for in vivo imaging of temperature-dependant changes in cutaneous microcirculation on a histomorphological level.
PATIENTS AND METHODS

Patients
Twenty-two healthy volunteers were randomly divided in two groups and subjected to the following procedures:
1. Group 1 (aged 22.4±3.1 years, five females, six males)-local heating by immersion in a water bath at 42±3°C for a period of 120 s 2. Group 2 (aged 24.1±5.3 years, six females, five males)-local cold stress by immersion in a water bath at 3±1°C for a period of 120 s Measurements were performed prior (t 0 , control), directly (t 1 ), and 5 min (t 2 ) after local temperature variation using confocal laser scanning microscopy. The previously marked area of interest on the middle volar forearm was covered with an adhesive waterproof impermeable thin sheet (OpSite foil, Smith and Nephew Germany, Hamburg, Germany) prior to immersion in the water bath. All observations were performed in a standardized manner at 22 ± 1°C and 50 ± 5% relative humidity. Subjects who were on medication and had a history or evidence of diabetes, hypertension, and venous or arterial disease were excluded. Ethics approval was sought from and subsequently granted by the Local Ethics Committee of the hospital, and written informed consent was obtained from all subjects.
Instrument
Reflectance-mode confocal laser scanning microscopy was performed with the Vivascope1500 (Lucid Inc, Rochester, NY, USA; cf. Fig. 1 ). This commercial device was designed for basic and clinical research and contrary to other confocal microscopes, it uses a gallium/arsenide laser at 830 nm wavelength. Thus, it is in the "optical window" of the skin and enables investigation of the epidermis and papillary dermis, including the upper dermal plexus and capillary loops and even the reticulary dermis up to a depth of 350 μm. With a lateral resolution of 0.4 μm and a vertical resolution of 1.9 μm, this device generates cellular and subcellular images by optical sectioning. The contrast in confocal images is due to different naturally occurring refractive indexes of tissue structures, such as melanin, keratin, cytoplasma, etc. Due to the laser's low power of 30 mW at the skin surface, no tissue damage occurs. The single frame field of view is 500×500 μm. The standard interfaces are a high-speed Universal Serial Bus (USB 2.0), at a rate of 480 Mbit/s, maximum 500 mA; a FireWire S400 rate 400 Mbit/s, maximum 1.5 A; a 1000BASE-T, 1 Gbit/s, Cat 5e cable, 25 m, 82 ft; and a SATA 3 Gbit/s (internal). The resolution of a single scanned image is 1,000×1,000 pixel, 8 Bit. Digital images are saved in BMP format and videos are saved as AVI. No compression of images is used. The Vivascope uses a patented magnetic tissue ring with glass window. These features provide excellent tissue stabilization and allow tissue imaging without applying pressure. Thus, the investigated area in the center of the tissue ring is free of pressure in order to avoid the transmission into deeper layers and possibly on feeding and draining vessels.
Parameters
In confocal images, the epidermal-dermal junction reflects strongly due to its melanin content, as bright circles of basal layer with the dark focus corresponding to the dermis. The circles are surrounded by the spinous layer. In the focus of the dermal papillae, the lumina of capillary loops are visible as black holes (cf. Fig. 2 ). Blood flow can be clearly observed in real-time imaging as brightly reflecting erythrocytes flowing through the capillary loops. The following parameters were assessed using confocal microscopy in the epidermal-dermal junction:
Quantitative blood cell flow per minute was established by counting in the capillary loops of the same two papillae in each volunteer, at each time point, by offline analysis of four fields of view, which were digitally recorded for 30 s. Digitally recorded video sequences were exported and stored in uncompressed AVI format directly on the computer for offline analysis. The storage size required for one movie second is about 20 MB, so a 30-s movie will require about 600 MB of disk space. The capillary loop diameter was evaluated in digital images of the epidermal-dermal junction using the image analysis program Image Tool (cf. "Data and Statistical Analysis" section). In four fields of view, the same two papillae were measured at each time point. The density of dermal capillaries per area was counted in the dermal papillae of the epidermal-dermal junction in each volunteer, at each time point, in real-time images of eight fields of view.
To stabilize and isolate the imaging skin site, a magnetic tissue ring was applied to the skin surface. To avoid pressure, the corresponding magnetic lens-head was positioned over the ring Fig 2. In confocal images, the epidermal-dermal junction appears as a bright circular basal layer with the dark focus corresponding to the dermal papillae. The circles are surrounded by the spinous layer. Focusing on the circles, the lumina of capillary loops are apparent as black holes. The bright structures in the focus of the black holes correspond to blood cells. After local cold stress (b), the size of the capillary loops appeared to have a smaller aspect, whereas 5 min after heating (c), larger size of capillaries were evident, compared with the controls (a).
to capture the tissue ring. Moreover, the investigated area in the center of the tissue ring was anytime free of pressure.
Data and Statistical Analysis
The evaluation of the capillary size was performed using the image analysis program Image Tool (version 3.0, UTHSCA, San Antonio, TX, USA); download and detailed description of this noncommercial software is available at http:// ddsdx.uthscsa.edu/dig/itdesc.html. For the evaluation of the capillary size, the fist step is to import confocal images into the image analysis program. Subsequently, a bar scale was constructed from a digital image of a slide micrometer taken at the same magnification and added to all images. Each image measurement was calibrated using the tool "settings-calibrate spatial measurements". Based on the digitized images, capillary size measurements between two reference points were done by tracing a horizontal line between clearly distinguishable inner borders of the reference points of ×50 magnified images. The software calculated the intracapillary distance in micrometers according to the previous calibration. The results were transferred to statistical software. Two independent examiners performed the measurements for each image. The evaluation of the confocal microscopy parameters/images was performed in a blinded manner by a statistician who was unaware of the status of the measured/recorded area. Intra-and interobserver reliabilities were estimated by using intraclass correlation coefficient (ICC) tests under a two-way mixed effects model with measures of absolute agreement. Intra-observer ICCs were calculated for each examiner considering their eight measurement values for each time point. Interobserver ICC was estimated by using the average measurement value of each time point (mean of the eight measurements) per observer. Statistical analyses were performed with SPSS 13.0 for Windows. Analysis of distribution was carried out by Kolmogorov-Smirnov test. Time values were averaged and a standard deviation calculated. Two-tailed Student's t test was used for comparisons of paired samples (within the time values) and for comparison between the time values, independent sample t test was used, since the data fit a normal distribution. P valuesG0.05 were considered significant.
RESULTS
Group 1
Quantitative blood cell flow in group 1 at baseline was 61.09±3.21/min, increased to 75.82± 2.86/min at t 1 and further to 84.09±3.39/min 5 min after local heat stress (t 2 ). The baseline diameter of capillary loops was 9.59±0.25 μm (t 0 ), increased to 11.16±0.21 μm at t 1 , and further to 11.57± 0.24 μm at t 2 . The density of the dermal capillaries increased in group 1 to 7.26±0.76/mm 2 at t 1 and to 8.16±0.52/mm 2 at t 2 , respectively, compared to the baseline (t 0 , 7.04±0.62/mm 2 ). In group 1, the statistical analysis of both blood flow and capillary size measurements within each time point differed not significantly (P90.05; two-tailed Student's t test). However, comparison of the averaged time point values both for t 1 and t 2 to the baseline demonstrated significant differences (cf. Figs. 2  and 3 ). Statistical comparison of capillary density measurements both for each time point and for the averaged time point values for each time point to the baseline yielded no significant differences (P9 0.05; two-tailed Student's t test).
Group 2
In group 2, baseline blood cell flow was 60.73± 2.90/min and decreased to 41.73±2.61/min at t 1 . By contrast, blood flow increased to 83.27±3.29/min 5 min after local cold stress (t 2 ). The baseline for capillary size was 9.55±0.25 μm (t 0 ) and decreased to 7.78±0.26 μm at t 1 . However, it reincreased to 11.38±0.26 μm at t 2 . The statistical comparison of both blood flow and capillary size measurements within each time point was insignificant (P90.05; two-tailed Student's t test). However, comparison of the averaged time point values to the baseline demonstrated significant differences (cf. Figs. 3 and 4) . Capillary density baseline value (t 0 ) was 7.01 ± 0.52/mm 2 and decreased significantly (PG0.05) at t 1 to 5.01± 0.49/mm 2 . Compared with the baseline (t 0 ), capillary density decreased significantly (P G 0.05) at t 1 (cf . Fig. 4) ; however, the re-increase toward baseline values at t 2 to 7.28±0.53/mm 2 was insignificant (PG0.05) when compared to the baseline value. The increase from t 1 to t 2 was significant (PG0.05). Intra-observer ICCs were 0.979 and 0.989 for examiners 1 and 2, respectively. Interobserver ICC was 0.718.
DISCUSSION
Our findings obtained by reflectance-mode confocal laser scanning microscopy confirm previous observations about thermoregulatory processes in cutaneous microcirculation. [11] [12] [13] [14] 21 Currently, this technique is used in dermatology to evaluate skin lesions suspected of malignancy. 13,14,18,21 Accordingly, using earlier-type confocal microscopy, Sauermann et al. investigated micromorphologic features in basal cell carcinoma. 21 In patients with histological diagnosis of basal cell carcinoma, they observed typical alterations in the tumor parenchyma and stroma. Although confocal to the baseline (t 0 ), blood flow and capillary size decreased significantly directly (t 1 ) after local cooling. By contrast, both parameters increased 5 min (t 2 ) after local cold stress. The capillary density decreased significantly and reincreased insignificantly compared to the baseline (t 0 ). However, the increase from t 1 to t 2 was significant. *PG0.05; #P90.05 analyzed by Student's t test for independent samples and in comparison to the baseline (t 0 ), +PG0.05 analyzed by Student's t test for independent samples and in comparison to t 1 . Fig 3. Both blood cell flow and capillary size increased significantly directly (t 1 ) and 5 min (t 2 ) after local heating, compared to the baseline (t 0 ). However, the capillary density per area increased insignificantly. *PG0.05; #P90.05 analyzed by Student's t test for independent samples and in comparison to the baseline (t 0 ), -P90.05 analyzed by Student's t test for independent samples and in comparison to t 1 .
microscopy was evaluated for observing detailed morphological features of tumor parenchyma, an investigation of dynamic alterations of microcirculation using this high-resolution imaging technique has been missing so far. In the present study, an enhanced confocal laser scanning microscopy was used to investigate the cutaneous microcirculation influenced by local temperature changes on a histomorphological level. The influence of local heat stress 1, 23 or local cooling 24 on cutaneous microcirculation was reported in a number of papers. Based on laser Doppler flowmetry measurements, Christen et al. reported heating-induced local cutaneous vasodilatation. 3 The underlying mechanism was explained as two independent effects: an initial rapid peak followed by a slower vasodilator response. Local sensory nerves were described as responsible for the vasodilatation, causing the initial rapid peak, whereas the second phase was attributed to a substantial NO component. Using confocal laser scanning microscopy, we observed a significant cutaneous vasodilatation of over 16% following local heating in all volunteers, probably due to a similar effect of local sensory nerves. Recently, Johnson et al., utilizing laser Doppler, found that hyperemia induced by local heat stress of 41°C was significantly greater than that observed with the other temperatures measured. 25 Although the aim of our study was not to compare different temperatures, we similarly observed vasodilatation with a significantly increased blood cell flow of over 37% following heating to 42°C. Based on the heatinduced in vivo observations, we were further able to demonstrate significant increases in blood flow and capillary size (vasodilatation) using confocal microscopy. Local cooling-induced cutaneous vasoconstriction was previously reported as a part of local control, arising from sympathetic, sensory, and autonomic nerves. 26 Confocal laser scanning microscopy observations confirm and quantify this fact on a histomorphological level, as we observed cooling-depended significant vasoconstriction of over 18%. This was accompanied by a concomitant decrease in blood flow of the dermal capillaries of over 31%. Five minutes after local cooling, we observed, in accordance with previous studies, a significant reactive hyperemia of up to 37%. The density of perfused dermal capillaries, as an estimation of the absolute density of tissue perfusion, showed no significant temperature-dependant variation. However, it decreased significantly immediately after cutaneous cooling, as an indication of the reduced tissue perfusion. Compared to this initial decrease, it re-increased as a sign of reactive hyperemia, as demonstrated by the observed vasodilatation and increased blood flow 5 min after cooling. Based on local temperature changes, we could thus demonstrate significant alterations on cutaneous microvascular circulation using confocal microscopy. Various diseases are associated with functional changes of microvessels and/or structural defects. Reflectance-mode confocal laser scanning microscopy provides a relatively easy approach to noninvasive investigation of structural or dynamic changes in the cutaneous microcirculation of the human skin, much like a "virtual biopsy". By optical sectioning, microcirculatory modification resulting from topical cosmetic products or chemical agents could thus be observed in real time. In pathology, several conditions could possibly be examined in an improved manner using this technique. Thus, confocal imaging offers a variety of fields of application, such as direct observation of the vascularization of biomaterials, the developing of capillary sprouts, the effects of angiogenetic drugs, long-term observation of the microcirculation, the pathophysiology of wound healing as well as the healing course of chronic or diabetic wounds. We believe that given the potential of confocal microscopy, it will probably extend its application to the assessment of the influence of arterial and venous diseases on the skin microcirculation and thus makes it also a promising tool for basic microcirculation research. Furthermore, this device may provide new diagnostic and/or therapy control options in the future. It is, however, not without limitations, as this technique allows the acquisition of high resolution images up to a depth of 350 μm only. Beyond this depth, image resolution is limited. In spite of this, in contrast to other noninvasive methods, confocal laser scanning microscopy is currently the only method that allows observation of the cutaneous micromorphology, including the microcirculation in vivo and in real time on cellular and subcellular levels. In conclusion, in vivo reflectance-mode confocal laser scanning microscopy is a sensitive and noninvasive imaging tool for characterizing and quantifying dynamic changes of the microcirculation in the human skin.
